Morphological adaptation of the eutherian gastrointestinal tract to diet by Langer, Peter & Clauss, Marcus
Zurich Open Repository and
Archive
University of Zurich
Main Library
Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch
Year: 2018
Morphological adaptation of the eutherian gastrointestinal tract to diet
Langer, Peter; Clauss, Marcus
Abstract: Although adaptations of the gastrointestinal tract to diet have been widely documented, statis-
tical evaluations of corresponding correlations between diet and morphology are scarce. We use a dataset
that scores the complexity of the stomach, caecum and colon in 599 Eutherian species, with a higher
complexity score indicating a higher degree of macroanatomical differentiation, and link these data to
information on body mass and the estimated fibre content of the natural diet, controlling for phylogeny.
The results indicate that dietary niche differentiation occurs along, rather than within, major Eutherian
lineages, and that stomach and large intestine complexity are often positively correlated. Large intes-
tine complexity represents a convergent adaptation to high-fibre diets across lineages (although not all
species ingesting high-fibre diets have complex large intestines). By contrast, stomach complexity cannot
be linked to diet, but represents a taxon-specific signal in the sense of homoplasies. In particular, the
functions of stomach complexity in the smallest and the largest Eutheria with complex stomachs (the
Myomorpha and the Cetacea) remain to be elucidated.
Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167/uzh-157906
Journal Article
Published Version
Originally published at:
Langer, Peter; Clauss, Marcus (2018). Morphological adaptation of the eutherian gastrointestinal tract
to diet. Vertebrate Zoology, 68:237-252.
237ISSN 1864-5755
68 (3): 237 – 252
20.11.2018©  Senckenberg Gesellschaft für Naturforschung, 2018.
Morphological adaptation of the eutherian gastro­
intestinal tract to diet 
Peter Langer 1, Marcus Clauss 2
1 Institut für Anatomie und Zellbiologie, Justus-Liebig-Universität, Aulweg 123, 35385 Giessen, Germany — 2 Clinic for Zoo Animals, Exotic Pets 
and Wildlife, Vetsuisse Faculty, University of Zürich, Winterthurerstr. 260, 8057 Zürich, Switzerland — * Corresponding authors: peter.langer@
anatomie.med.uni-giessen.de, mclauss@vetclinics.uzh.ch
Accepted August 31, 2018. 
Published in print and online at www.senckenberg.de/vertebrate-zoology on November 20, 2018.
Editor in charge: Uwe Fritz
Abstract
Although adaptations of the gastrointestinal tract to diet have been widely documented, statistical evaluations of corresponding correlations 
between diet and morphology are scarce. We use a dataset that scores the complexity of the stomach, caecum and colon in 599 Eutherian 
species, with a higher complexity score indicating a higher degree of macroanatomical differentiation, and link these data to information on 
body mass and the estimated fibre content of the natural diet, controlling for phylogeny. The results indicate that dietary niche differentia-
tion occurs along, rather than within, major Eutherian lineages, and that stomach and large intestine complexity are often positively cor-
related. Large intestine complexity represents a convergent adaptation to high-fibre diets across lineages (although not all species ingesting 
high-fibre diets have complex large intestines). By contrast, stomach complexity cannot be linked to diet, but represents a taxon-specific 
signal in the sense of homoplasies. In particular, the functions of stomach complexity in the smallest and the largest Eutheria with complex 
stomachs (the Myomorpha and the Cetacea) remain to be elucidated.
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Introduction
Of the various soft tissue organs of the vertebrate body, 
the gastrointestinal (GI) tract has particularly fascinated 
comparative anatomists (Home, 1814; Flower, 1872; 
mitcHell, 1905; mitcHell, 1916; GorGas, 1967; Vo-
rontsoV, 1967/1969; BeHmann, 1973; HoFmann, 1973; 
cHiVers & Hladik, 1980; naumoVa, 1981; lanGer, 1988; 
steVens & Hume, 1995). It is well accepted that herbi-
vores have more voluminous and complex GI tracts than 
carnivores (steVens & Hume, 1995), requiring larger 
body cavity volumes (clauss et al., 2017), in order to 
host a symbiotic microbiome for the digestion of plant 
fibre. Yet, quantitative evaluations of this adaptation re-
main scarce. cHiVers & Hladik (1980) showed that the 
relationships between body mass and GI tract volume or 
surface area differed between faunivores, frugivores and 
folivores, although substantial overlap occurred between 
the latter two and between all groups with low body mass. 
Since then, the relationship between dietary habit and GI 
tract morphology has not been assessed in a large scale 
across mammals, and in particular not with a compara-
tive approach accounting for phylogenetic relationships.
 Here, we use a qualitative description of the eutherian 
GI tract that indicates the degree of differentiation of the 
stomach, caecum and colon, as well as a characterisation 
of dietary habits using an ordinal scale, and the species’ 
average body mass, all compiled in lanGer (2017), to 
test for statistical correlations. By performing these tests 
with and without accounting for the phylogenetic struc-
ture of the data, we test whether potential correlations oc-
cur both across and within major phylogenetic lineages. 
Our hypotheses were that: 
1. There is a general dichotomy of fibre content with 
body mass, where very large animals consume mostly 
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very high or, if they are predators, very low levels of fibre 
(Hiiemae, 2000); 
2.  There is a trend of increasing GI tract complexity 
with increasing fibre content of the natural diet (cHiV-
ers & Hladik, 1980). This pattern was hypothesised to 
emerge more clearly after exclusion of aquatic mam-
mals, because the large group of cetaceans is exclusively 
carnivorous, i.e. feeding on a low-fibre diet, yet charac-
terized, possibly due to evolutionary history, by highly 
complex stomachs (lanGer, 1996; Büker, 2009).
3.  Animals either evolved to be ‘foregut fermenters’ 
with a complex stomach or ‘hindgut fermenters’ with 
a complex large intestine, resulting in a negative cor-
relation between stomach and large intestine indices 
(lanGer, 2003).
Abbreviations 
GI tract  gastrointestinal tract 
GLS  generalised least squares (‘conventional statis-
 tics’) 
PGLS  phylogenetic generalised least squares (‘phylo -
 genetically controlled statistics’)
Methods
The data compilation in lanGer (2017; Table 1.6 of the 
monograph and Table S1 in the supplementary mate-
rial) was used in the present study. Species nomencla-
ture follows wilson & reeder (2005). Body mass was 
collected from various sources during the compilation of 
anatomical descriptions, and sources are listed in detail in 
lanGer (2003). As explained and referenced in detail in 
lanGer (2003), the crude fibre content of the natural diet 
of species was derived from quantitative estimates of diet 
composition and nutrient composition tables for domes-
tic herbivores and carnivores. The coding for complexity 
of the GI tract used was introduced by lanGer (2003) 
and accounts for 18 different qualitative characteristics. 
Stomach complexity ranges from 1 – 6 and reflects the 
presence of various stomach epithelia, a forestomach, 
compartmentalisation, haustration (haustra: pouch-like 
diverticles along the wall of the GI tract that lie between 
longitudinal muscular or fibrous band and are separated 
from each other by transversal semilunar folds), and pe-
culiar mucosal structures. Caecum complexity ranges 
from 0 – 3, reflecting the presence of a caecum, and the 
presence of haustra, an appendix, a spiral fold, or paired 
caeca (in sirenians); note that scores higher than 3 are not 
attained because no species combines all possible macro-
anatomical characteristics. Colon complexity varies from 
0 – 1, considering haustration and presence of diverticula 
(in hyracoidea). Large intestine complexity is the sum of 
caecum and colon complexity (range 0 – 4) and the to-
tal GI tract complexity is the sum of all individual indi-
ces (range 1 – 7). The scoring of species is based on the 
sources in lanGer (2017) and is strictly limited to fully 
described species, with no extrapolation to non-described 
relatives. From the original 601 species of lanGer 
(2017), two (Sciurus aberti, Dusicyon australis) were 
not represented in the mammalian supertree by Fritz et 
al. (2009b), and were therefore excluded from all analy-
ses. Following the subdivision into four supergroups by 
wilson & reeder (2005), the 599 species included in 
this study represent 24.1% (19 of 79) of all Afrotheria 
species, 28.6% (10 of 35) of all Xenarthra, 8.8% (244 of 
2765) of all Euarchontoglires, and 14.8% (326 of 2203) 
of all Laurasiatheria, and hence 11.8% of all Eutheria. 
All data are supplied, with additional explanations, in the 
supplementary material. The subgroups within the four 
major groups included in the dataset are listed in Table 1.
We tested whether the number of species in a higher-lev-
el phylogenetic group had an influence on the diversity 
in morphology scores by summarizing data on the level 
of orders (wilson & reeder, 2005), correlating the num-
ber of species (per order) with the minimum, maximum 
and the range of GI tract and stomach complexity scores 
within orders by simple nonparametric Spearman’s cor-
relation coefficient (ρ).
Table 1. Eutherian groups included in the study
Major group Subgroup 1 Subgroup 2
Afrotheria
Afrosoricida Tenrecomorpha
Afrosoricida Chrysochloridea
Macroscelidea  
Tubulidentata  
Hyracoidea  
Proboscidea  
Sirenia  
Xenarthra
Cingulata  
Pilosa Folivora
Pilosa Vermilingua
Euarchontoglires
Scandentia  
Primates Strepsirrhini
Primates Haplorrhini
Rodentia Sciuromorpha
Rodentia Castorimorpha
Rodentia Myomorpha
Rodentia Anomaluromorpha
Rodentia Hystricomorpha
Lagomorpha  
Laurasiatheria
Erinaceomorpha  
Soricomorpha  
Pholidota  
Chiroptera  
Carnivora Feliformia
Carnivora Caniformia
Perissodactyla  
Artiodactyla  
Cetacea Mysticeti
Cetacea Odontoceti
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 We used ranked data (with continuous ranks and 
higher ranks for higher values) for all analyses because of 
the ordinal nature of the GI tract complexity indices and 
the dietary fibre levels, and the non-normal distribution 
of body mass data. Ranking was performed for each in-
dividual dataset (i.e., the rank of a species differed when 
it was part of a larger and a smaller dataset). Using linear 
models, we tested for relationships between individual 
measures (body mass and crude fibre, body mass and GI 
tract indices, crude fibre and GI tract indices, stomach 
index and hindgut indices), as well as for a combined 
effect of body mass, fibre level and their interaction (to 
test for shifts in effects of fibre level across the body mass 
spectrum) on GI tract indices. We used generalised least 
squares (GLS) in R 2.15.0 (R Core Development Team) 
using the package nlme (PinHeiro et al., 2011). Rank-
ing as well as adjusted R2 calculation for GLS were per-
formed in SPSS 22.0 (IBM, Armonk, NY, USA).
 To account for the phylogenetic structure of the data-
set, data were linked to a phylogenetic tree (Fritz et al. 
2009). The general structure of the tree (indicating the 
taxonomic levels ‘order’ and ‘suborder’) is shown in Fig. 
S1. Data were also analysed in phylogenetic generalised 
least squares (PGLS) with the phylogenetic signal λ es-
timated by maximum likelihood, using the package ca­
per (orme et al., 2010). A λ significantly different from 
0 indicates the presence of phylogenetic structure in the 
dataset (reVell, 2010). In contrast to a common recom-
mendation for comparative studies (Freckleton, 2009), 
we display results of both GLS and PGLS analyses, be-
cause discrepancies between the two can yield impor-
tant insight into the data patterns (clauss et al., 2014; 
dittmann et al., 2015). With respect to our hypotheses, 
a significant relationship in GLS at no significant rela-
tionship in PGLS indicates that the effect is due to the 
fact that different phylogenetic lineages occupy distinct 
combinations of morphological and ecological niches; 
significance in both GLS and PGLS indicates that a simi-
lar pattern of morphology-ecology associations can be 
observed across as well as within different lineages; non-
significance (or a different directionality of associations) 
in GLS but significance (or different directionality) in 
PGLS indicate that the pattern observed across all spe-
cies masks another pattern within phylogenetic lineages.
 Analyses were performed for a series of species sets: 
for all eutherian orders combined, separately for terres-
trial and aquatic Eutheria (as indicated in Table S1), for 
Cetartiodactyla, and within terrestrial Eutheria for vari-
ous phylogenetic lineages (as indicated in Table 2). Ad-
ditionally, because the ecological literature often focuses 
on ungulates as a functional herbivore group, the non-
phylogenetic, gradistic group of Ungulata (here: Artio-
dactyla and Perissodactyla) was also included separately. 
Note that it has been suggested that Cetartiodactyla and 
Perissodactyla represent sister taxa and can be summa-
rized in the phylogenetic group of Euungulata (asHer & 
HelGen, 2010; esselstyn et al., 2017); in contrast, our 
species set of ‘Ungulata’ does not comprise the Cetacea.
 Detailed results including P-values and adjusted R2 
measures are listed in the supplementary material. For a 
summary of results, P-values above 0.050 were consid-
ered not significant, and relationships were indicated as 
positive (+) or negative (–).
Results
The number of species per order was significantly cor-
related to both the range of body mass (ρ = – 0.95, P < 
0.001; Fig. 1A) and the range of crude fibre (ρ = – 0.86, 
P < 0.001; Fig. 1B). It was not significantly correlated to 
either the minimum or maximum complexity score for 
the total GI tract or the stomach (ρ from – 0.30 to 0.38, 
P > 0.100). In contrast, the number of species per order 
was highly correlated to the range of complexity scores 
for both the total GI tract (ρ = 0.74, P < 0.001; Fig. 1C) 
and the stomach (ρ = 0.64, P = 0.002; Fig. 1D).
 Generally, the phylogenetic signal λ was always sig-
nificantly different from 0, and had high values between 
0.9 – 1.0, indicating a strong phylogenetic signal in all 
analyses.
Body mass vs. dietary crude fibre
There was a significant, positive relationship between 
body mass and dietary crude fibre in both convention-
al statistics (GLS) and phylogeny-informed statistics 
Table 2. Summary of relationships of body mass with the estimat-
ed level of crude fibre in the natural diet (as a proxy for dietary 
habits) in eutherian groups in generalised least squares (GLS) and 
phylogenetic generalised least squares (PGLS) based on the tables 
in the supplementary material. Positive (+), negative (–) or non-sig-
nificant (n.s.) relationships were detected.
Group (Body mass)    Crude fibre
GLS PGLS
Eutheria + +
Eutheria (terrestrial) + +
Eutheria (aquatic) n.s. n.s.
 Afrotheria (terr.) + n.s.
 Xenarthra n.s. n.s.
 Euarchontoglires + +
  Primates + n.s.
  Rodentia + n.s.
   Sciuro- & Castorimorpha + n.s.
   Mymorpha n.s. n.s.
   Hystricomorpha n.s. n.s.
 Laurasiatheria (terr.) + +
  Carnivora (terr.) + n.s.
  Chiroptera + n.s.
  Cetartiodactyla – n.s.
   Artiodactyla + n.s.
  Ungulata (Artiod./Perissod.) + n.s.
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a
b
c
d
Fig. 1. Relationship between the number of species included in an ‘order’ in the present study and the range of (a) body mass, (b) dietary 
crude fibre, (c) total gastrointestinal tract (GIT) complexity and (d) stomach complexity; note that in (a) and (b), the range is indicated as 
the minimum in % of the maximum, so that lower values indicate a larger range. Afrotheria include Afrosoricia, Macroscelidea (with the 
largest crude fibre range), Tubulidentata, Hyracoidea, Proboscidea and Sirena; Xenarthra include Cingulata and Pilosa (with the higher 
diversity). Data from Table S1.
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(PGLS) across Eutheria (Table 2; Fig. 2); visually, a di-
chotomy existed, with very large mammals having diets 
either very high or very low in fibre, a dichotomy par-
ticularly evident when inspecting Carnivora and Cetacea 
(Fig. 2a). In the dendograms for body mass and dietary fi-
bre, the deviation of Carnivora and Cetacea from the gen-
eral pattern is also evident (Fig. 3a, b). The relationship 
between body mass and dietary fibre was significantly 
positive within the larger species sets of Euarchontog-
lires and Laurasiatheria (Table 2). This relationship was 
also significant in GLS in many phylogenetic subgroups, 
but not in PGLS (Table 2), suggesting that within these 
subgroups, diet differentiation occurred mainly in paral-
lel to phylogenetic differentiation (Fig. 2b). Similarly, the 
relationship was negative in GLS for Cetartiodactyla but 
not in PGLS, reflecting the fact that the largest Cetartio-
dactyla – the Cetacea – are exclusively carnivorous.
Body mass vs. gastrointestinal tract 
complexity
Total GI tract complexity (Fig. 4a), large intestine com-
plexity (Fig. 4b) and colon complexity were positively 
related to body mass in both GLS and PGLS across Eu-
theria and Laurasiatheria, and also in GLS (but not PGLS) 
in several phylogenetic subgroups (Table 3). For caecum 
complexity, there was a similar pattern, but no signifi-
cant relationship in PGLS in Laurasiatheria (Table 3). 
Stomach complexity (Fig. 4c) only had various signifi-
cant relationships with body mass in GLS but never in 
PGLS, indicating that stomach morphology is a major 
correlate of phylogenetic differentiation, which is also 
clearly evident in the dendrogram (Fig. 3f). Whereas the 
GLS relationship was typically positive, indicating that 
within some lineages, larger species typically had more 
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Fig. 3. Dendrograms illustrating the distribution of (a) body mass, (b) dietary crude fibre, (c) total gastrointestinal tract (GIT) complexity, 
(d) caecum complexity, (e) colon complexity, (f) stomach complexity across the Eutherian phylogenetic tree (from Fritz et al., 2009b). 
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complex stomachs or GI tracts, this relationship was 
negative in Rodentia as well as Cetartiodactyla (Table 3), 
indicating that in these species sets, smaller phylogenetic 
lineages had more complex stomachs or GI tracts (the 
Myomorpha in the Rodentia, and the Ruminantia in the 
Cetartiodactyla).
Dietary crude fibre vs. gastrointestinal 
tract complexity
Total GI tract complexity and large intestine complex-
ity were positively related to dietary crude fibre levels in 
both GLS and PGLS across Eutheria and Laurasiatheria, 
and also in GLS (but not PGLS) in several phylogenetic 
subgroups (Table 4); the dendrograms of dietary fibre 
(Fig. 3b) and total GI tract complexity (Fig. 3c) indicate 
a high degree of matching, again with the exception of 
the Myomorpha and the Cetacea. Stomach complexity 
only had various significant relationships with crude fibre 
in GLS but never in PGLS, again indicating that stomach 
morphology is a major correlate of phylogenetic differ-
entiation. In both Carnivora and Artiodactyla, the GLS 
relationship of caecum and large intestine complexity 
with crude fibre was negative.
Body mass and dietary crude fibre vs. gast­
rointestinal tract complexity
In models that relate both body mass and crude fibre to 
GI tract complexity, both factors (or the interaction) were 
significant across Eutherian subgroups in GLS but very 
rarely in PGLS (Table 5). For these models, PGLS only 
indicated that across terrestrial Eutheria, large intestine 
and total GI tract complexity was positively associated 
with body mass.
Stomach complexity vs. large intestine 
complexity
There seemed to be a clear dichotomy between either 
complex stomachs or complex large intestines in the 
raw data (Fig. 5a). Stomach complexity was not related 
to caecum or large intestine complexity and negatively 
to colon complexity in GLS across Eutheria (and sev-
eral subgroups), but it was positively related to caecum 
and large intestine complexity in PGLS, and PGLS in-
dicated no significance for the relationship with the co-
lon (Table 6). The generally positive relationship can be 
gleaned from displays of subsets of the data (Fig. 5b – g). 
The only species sets with a significantly negative rela-
tionship between stomach complexity and some large 
intestine element were the aquatic eutherians, Cetartio-
dactyla, and Artiodactyla. If, however, Artiodactyla and 
Perissodactyla were considered together as ‘Ungulata’, 
the negative relationships between stomach and large in-
testine element complexity were significant in both GLS 
and PGLS. 
 To test whether these findings were due to an increase 
from minimum complexity to any degree of complex-
ity across the dataset, the analyses were repeated for all 
Eutheria after excluding all species with a combination 
of minimum stomach complexity and minimum hind-
gut complexity (i.e., the group in the lower left corner 
Table 3. Summary of relationships of body mass with the complexity indices of individual components or the whole gastrointestinal (GI) 
tract in eutherian groups in generalised least squares (GLS) and phylogenetic generalised least squares (PGLS) based on the tables in the 
supplementary material. Positive (+), negative (–) or non-significant (n.s.) relationships were detected.
Group (Body mass) Stomach Caecum Colon Large intestine GI tract
GLS PGLS GLS PGLS GLS PGLS GLS PGLS GLS PGLS
Eutheria + n.s. + + + + + + + +
Eutheria (terrestrial) + n.s. + + + + + + + +
Eutheria (aquatic) + n.s. n.s. n.s. n.s. n.s. n.s. n.s. + n.s.
 Afrotheria (terr.) + n.s. + + + n.s. + + + +
 Xenarthra n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
 Euarchontoglires + n.s. + n.s. + n.s. + n.s. n.s. n.s.
  Primates n.s. n.s. + n.s. n.s. n.s. + n.s. + n.s.
  Rodentia – n.s. + n.s. + n.s. + n.s. + n.s.
   Sciuro- & Castorimorpha + n.s. + n.s. + n.s. + n.s. + n.s.
   Mymorpha n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
   Hystricomorpha n.s. n.s. n.s. n.s. + + + n.s. + n.s.
 Laurasiatheria (terr.) + n.s. + n.s. + + + n.s. + +
  Carnivora (terr.) n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
  Chiroptera n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
  Cetartiodactyla – n.s. – n.s. n.s. n.s. – n.s. – n.s.
   Artiodactyla n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
  Ungulata (Artiod./Perissod.) + n.s. n.s. n.s. n.s. n.s. n.s. n.s. + n.s.
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of Fig. 5). While after this exclusion, all relationships of 
stomach complexity with large intestine elements were 
negative in GLS, both caecum and large intestine com-
plexity were still positively related to stomach complex-
ity in PGLS (Table 6). 
Discussion
The reader will identify limitations of this study: Esti-
mates concerning diet characteristics and morphological 
differentiations of sections of the gastrointestinal tract, 
as presented in Table S1 of the supplementary material, 
are approximations. These are useful and suitable for a 
large-scale comparative overview, but for a comparison 
of individual species, more detailed information should 
be sought. Note that such detailed comparisons are not 
the aim of the present study. Similarly, while the mam-
malian supertree used for the phylogeny is appropriate 
for comparative analyses across a large scale of taxa, it 
may not reflect the most recent phylogenetic relation-
ships within certain taxa. The supertree does not contain 
most recent information about the position of large phy-
logenetic groups as in tarVer et al. (2016) or esselstyn 
et al. (2017), where it is suggested that Perissodactyla 
and Cetartiodactyla can be joined as sister taxa in the 
group of Euungulata (but a lower number of species is 
included in the respective trees). Rather than resorting 
to constructing our own tree, we used an existing con-
sensus tree. While it is difficult to predict to what degree 
our results would change with other trees, we consider it 
unlikely that the large-scale overall result of our analysis 
would change in a relevant way.
Diversity
The analyses corroborate the common sense assumption 
that a higher species diversity in a phylogenetic group 
also results in a higher morphological and ecological di-
versity. Eutherian orders with a low number of species 
had a low degree of diversity in body mass and dietary 
crude fibre range as well as a low degree of diversity 
in GI tract complexity (Fig. 1). The order Pilosa from 
the Xenarthra represented an outlier because this order 
contains, with sloths and anteaters, two phylogenetic 
groups of extreme morphological and ecological differ-
ences. Such an observation raises the evident question 
why these two groups are not given, each for itself, or-
der status, and reminds us of the arbitrariness involved in 
assigning a certain hierarchical status such as ‘order’ or 
‘genus’ to a certain group of taxa. The order Carnivora 
represented another outlier, with a high body mass and 
ecological diversity as expected based on their high spe-
cies diversity, but a surprisingly low diversity in GI tract 
and stomach complexity. Reasons for these deviations 
from the general pattern beyond the invocation of ‘con-
tingency’ remain to be elucidated.
Eutherian feeding ecology
Our analyses demonstrate that body size, diet niche 
and GI tract complexity are mainly a property of ma-
Table 4. Summary of relationships of the estimated level of crude fibre in the natural diet (as a proxy for dietary habits) with the complexity 
indices of individual components or the whole gastrointestinal (GI) tract in eutherian groups in generalised least squares (GLS) and phy-
logenetic generalised least squares (PGLS) based on the tables in the supplementary material. Positive (+), negative (-) or non-significant 
(n.s.) relationships were detected.
Group (Crude fibre) Stomach Caecum Colon Large intestine GI tract
GLS PGLS GLS PGLS GLS PGLS GLS PGLS GLS PGLS
Eutheria + n.s. + + + + + + + +
Eutheria (terrestrial) + n.s. + + + n.s. + + + +
Eutheria (aquatic) n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
 Afrotheria (terr.) + n.s. + + + n.s. + + + +
 Xenarthra n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. + n.s.
 Euarchontoglires n.s. n.s. + n.s. n.s. n.s. + n.s. + n.s.
  Primates + n.s. + n.s. + n.s. + n.s. + n.s.
  Rodentia n.s. n.s. + n.s. n.s. n.s. + n.s. n.s. n.s.
   Sciuro- & Castorimorpha n.s. n.s. + n.s. n.s. n.s. + n.s. + n.s.
   Mymorpha n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
  Hystricomorpha n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
 Laurasiatheria (terr.) + n.s. + n.s. + + + n.s. + +
  Carnivora (terr.) n.s. n.s. – n.s. n.s. n.s. – n.s. + n.s.
  Chiroptera n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
  Cetartiodactyla + n.s. + n.s. n.s. n.s. + n.s. + n.s.
   Artiodactyla + n.s. – n.s. – n.s. – n.s. n.s. n.s.
  Ungulata (Artiod./Perissod.) n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
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jor groups and subgroups across Eutheria, and that these 
characteristics show only limited parallel evolution 
within Eutherian lineages. Thus, the results corrobo-
rate previous findings that phylogenetic differentiation 
in mammals is closely linked to dietary specialisation 
(andrews et al., 1979; eisenBerG, 1981; Pineda-munoz 
& alroy, 2014). With respect to the interplay of body 
mass and diet, the data pattern corroborates the general 
interpretation that larger species tend to be more her-
bivorous in terrestrial environments (Price & HoPkins, 
2015). However, rather than supporting the interpreta-
tion of an approximately linear correlation, the shape 
Table 5. Summary of models that link the complexity of a compartment of the gastrointestinal (GI) tract with both body mass (BM), the 
estimated level of crude fibre in the natural diet (as a proxy for dietary habits) (CF), and their interaction (int) in eutherian groups in in 
generalised least squares (GLS) based on the tables in the supplementary material. Significant terms (BM, CF, int) or absence of any sig-
nificance (n.s.) are noted.
Group Stomach Caecum Colon Large intestine GI tract
GLS PGLS GLS PGLS GLS PGLS GLS PGLS GLS PGLS
Eutheria BM int n.s. BM CF int n.s. n.s. n.s. BM CF int n.s. BM CF int n.s.
Eutheria (terrestrial) BM int n.s. BM CF int n.s. BM CF n.s. BM CF int BM CF int BM
Eutheria (aquatic) n.s. n.s. int int n.s. n.s. int int n.s. n.s.
 Afrotheria (terr.) n.s. n.s. CF CF n.s. n.s. CF n.s. CF n.s.
 Xenarthra n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
 Euarchontoglires BM n.s. BM n.s. BM n.s. BM n.s. n.s. n.s.
  Primates n.s. n.s. BM BM BM CF n.s. BM n.s. BM n.s.
  Rodentia n.s. n.s. BM n.s. n.s. n.s. BM n.s. n.s. n.s.
   Sciuro- & Castorimorpha n.s. n.s. BM CF int n.s. int n.s. BM n.s. BM n.s.
   Mymorpha n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
   Hystricomorpha n.s. n.s. n.s. n.s. BM n.s. n.s. n.s. n.s. n.s.
 Laurasiatheria (terr.) CF int n.s. BM n.s. n.s. n.s. BM n.s. BM CF n.s.
  Carnivora (terr.) n.s. n.s. BM int n.s. n.s. n.s. BM int n.s. BM int n.s.
  Chiroptera n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
  Cetartiodactyla CF n.s. CF n.s. BM n.s. CF n.s. CF n.s.
   Artiodactyla CF n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
  Ungulata (Artiod./Perissod.) n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Table 6. Summary of relationships of the stomach complexity index with the complexity indices of individual components or the whole 
large intestine in eutherian groups in generalised least squares (GLS) and phylogenetic generalised least squares (PGLS) based on the 
tables in the supplementary material. Positive (+), negative (–) or non-significant (n.s.) relationships were detected.
Group (Stomach) Caecum Colon Large intestineGLS PGLS GLS PGLS GLS PGLS
Eutheria n.s. + – n.s. n.s. +
Eutheria (terrestrial) n.s. + – n.s. n.s. +
Eutheria (aquatic) – – n.s. n.s. – –
Eutheria (without 1/0)1 – + – n.s. – +
 Afrotheria (terr.) + n.s. n.s. n.s. + +
 Xenarthra – – n.s. n.s. – –
 Euarchontoglires – + – n.s. – +
  Primates n.s. n.s. n.s. n.s. n.s. n.s.
  Rodentia n.s. + n.s. n.s. n.s. +
   Sciuro- & Castorimorpha n.s. + n.s. n.s. + +
   Mymorpha n.s. + n.s. n.s. n.s. +
   Hystricomorpha n.s. n.s. n.s. n.s. n.s. n.s.
 Laurasiatheria + + n.s. n.s. + +
  Carnivora n.s. n.s. n.s. n.s. n.s. n.s.
  Chiroptera n.s. n.s. n.s. n.s. n.s. n.s.
  Cetartiodactyla + n.s. – – + n.s.
   Artiodactyla – n.s. – – – n.s.
  Ungulata (Artiod./Perissod.) – – – – – –
1 excluding species with a combination of minimum stomach and minimum hindgut complexity
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Fig. 4. Relationship between Eutherian body mass (g) and the complexity indices of (a) the total gastrointestinal tract (GIT), (b) the large 
intestine and (c) the stomach, with several taxa displayed individually. Data from Table S1.
b
a
c
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Fig. 5. Relationship between stomach complexity and large 
intestine complexity indices in the raw data of (a) all Euthe-
ria, (b) Euarchontoglires, (c) Primates, (d) Rodentia (pink) and 
Lagomorpha (violet), (e) Laurasiatheria, (f) Carnivora (red) and 
Chiroptera (yellow, and two small points), (g) Perissodactyla 
(dark green) and Cetartiodactyla with Artiodactyla (light green), 
Odontoceti (dark blue), Mysticeti (light blue). The size of the 
symbols is proportional to the proportion of species in the re-
spective dataset with the respective combination. Data from 
Table S1.
a b
c
g
e f
d
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of the body size-diet data scatter indicates underlying 
ecological constraints. On the small end of the body size 
spectrum (from 10 g upwards), any dietary option ap-
pears open to mammals (Fig. 1), although the opportu-
nity to feed selectively on high-quality feeds, which are 
accessible in sufficient abundance at this size scale, may 
lead to a higher proportion of species feeding on high-
quality (low-fibre) diets (Hiiemae, 2000; clauss et al., 
2013). At increasing body size, animals have to ingest 
food that is more abundant at larger spatial scales and 
hence inherently of lesser quality (cf. lack of low-fibre 
diets at increasing size in Fig. 1b), or they have to spe-
cialize on exclusive carnivory (Fig. 1a), being mostly 
limited to large prey in terrestrial ecosystems but free to 
use large or small prey in aquatic environments (Hiie-
mae, 2000; carBone et al., 2014).
Hindgut convergence with diet and 
stomach homoplasy
A basic assumption underlying the hypothesis of a link 
between diet and GI tract complexity is that descriptions 
of complexity actually reflect physiological function. 
The relationship between dietary fibre and large intes-
tine complexity – and hence also total GI tract complex-
ity – at the levels of all Eutheria, Afrotheria and Laura-
siatheria (Table 3) suggests such functionality at this GI 
tract section. Even if microbial digestion can occur at 
relevant magnitudes in large intestines of low complexi-
ty, as in camelids or ruminants (Artiodactyla), and some 
herbivores can lack a caecum altogether, such as sloths 
(Pilosa-Folivora) or Hippopotamidae (Artiodactyla), 
more complex large intestines are mainly linked to more 
fibrous diets, and hence also to body mass. The only ma-
jor exception to this rule is in the Carnivora where those 
species with a high dietary fibre intake (Ursidae, includ-
ing the totally herbivous giant panda, Ailuropoda mel­
anoleuca) lack a caecum (liu, 1984). In contrast, many 
strictly carnivorous species from other Carnivora taxa 
have a caecum (mcGrosky et al., 2016). For example, a 
caecum is present in the pinniped families Otariidae (fur 
seals and sea lions), Odobenidae (walrus) and Phocidae 
(true seals), but also in Canidae, in Hyaenidae, Felidae, 
Herpestidae and Viverridae (lanGer, 2017). Yet, when 
considered beyond the presence or absence of a cae-
cum, increased large intestine complexity represents a 
convergent, albeit not obligatory, adaptation to fibrous 
diets. 
 By contrast, stomach complexity is neither linked to 
fibre nor body mass across all Eutheria or individual sub-
groups. Although stomach complexity is often linked to 
herbivory (alexander, 1993), this relationship does not 
hold for the smallest (Myomorpha) and largest (Cetacea) 
taxa with highly complex stomachs. Complex stomachs 
hence represent only a taxon-specific characteristic (Fig. 
3f), without global convergent function. Actually, while 
the general function of the complex stomachs of mam-
malian herbivores is generally well understood (lanGer, 
1988; steVens & Hume, 1998), the Cetacea and Myomor-
pha still challenge our functional understanding of com-
plex stomachs.
Cetacea: phylogenetic inertia or/and 
functional adaptation?
This challenge of functional understanding can be met 
with a certain ease in Cetacea, where the complex stom-
achs can be understood as examples of phylogenetic 
inertia - because their closest relatives among the Arti-
odactyla, the Hippopotamidae (nikaido et al., 1999; Ga-
tesy et al., 2013), also have complex stomachs (lanGer, 
1975, 1976), as do other artiodactyl groups (Tayassui-
dae, Camelidae and all Ruminantia subgroups) (lanGer, 
1973). Even though Cetacea stomachs are, in their de-
tailed anatomy, more dissimilar to the stomachs of other 
artiodactyl groups than those are amongst themselves 
(lanGer, 2001), it is assumed that Cetacea derived from 
an Artiodactyl lineage that had adapted to herbivory and 
underwent a secondary transition to carnivory (tHewis-
sen et al., 2011; wanG et al., 2016). GinGericH (2015) 
suggested that various reports of predominantly herbivo-
rous Artiodactyla feeding opportunistically on nestling or 
fish adds credibility to the concept that a herbivore could 
transition to a carnivorous feeding habit. A recent compi-
lation of a larger number of observations where Hippo-
potami either scavenged carcasses or hunted themselves 
further supports this concept (dudley et al., 2016). That 
the transition from herbivory to secondary carnivory oc-
curred in a group with complex stomachs could be con-
sidered a sheer coincidence, making the stomachs of 
cetacea an example of evolutionary contingency (erwin, 
2006) rather than convergence.
 Cetacea have adapted to their new feeding niche: 
In a comparative molecular study positive selection for 
proteinase and lipase enzymes was found in Cetacea, as 
is appropriate for a carnivorous diet, as well as a loss 
of pancreatic RNASE1 that is considered a requirement 
for herbivory (wanG et al., 2016). Similarly, Cetacea 
have reduced numbers of genes, or nonfunctional genes, 
coding for bitter, umami, sweet or sour taste perceptors 
compared to herbivores (FenG et al., 2014; kisHida et al., 
2015; liu et al., 2016). Just as many taste receptors may 
be of no use to Cetacea, there is no evident benefit of a 
complex stomach; the simple-stomached Pinnipedia cov-
er a nutritional range similar to that of Cetacea, includ-
ing filter-feeding in the pinniped Lobodon carcinophaga 
(mårtensson et al., 1994). Early propositions that com-
plex stomachs of Mysticeci are functionally similar to 
those of Ruminantia due the detection of volatile fatty 
acids, equating the chitin component of krill to plant fibre 
(HerwiG et al., 1984), did not explain the adaptive value 
of the similarly complex stomachs of the closely related 
Odontoceti. Actually, the energy derived from microbial 
fermentation in a baleen whale’s forestomach is dramati-
cally lower than that typically measured in a herbivorous 
foregut fermenter (olsen & matHiesen, 1996). However, 
249
VERTEBRATE ZOOLOGY  —  68 (3) 2018
one can speculate that complex macroanatomical struc-
ture such as a composite stomach may be more difficult 
to lose than enzymes or taste receptors. A comparison of 
the stomach capacity (measured by gut fill) allows the 
speculative assumption of a comparative reduction in 
size in the Cetacea as compared to Artiodactyla (Pérez et 
al., 2017), facilitating the hypothesis that retrogression is 
taking place to a certain extent. The lack of a nonglandu-
lar forestomach in the odontocete Iniidae (river dolpins) 
and Ziphiidae (beaked whales) (lanGer, 2017), poten-
tially a secondary loss based on limited embryological 
evidence (JunGklaus, 1897), might point into the same 
direction. However, even though simple stomachs can 
also expand enormously to accommodate a gorging food 
intake strategy in large terrestrial carnivores, the volume 
capacity that comes with a forestomach may be beneficial 
for Odontoceci and Mysticeci alike: The nutritional ecol-
ogy of the Mysticeci, with spatially lumped, large pack-
ages of krill available during limited periods of time may 
make a forestomach with a certain voluminous capacity 
adaptive. Odontoceci, which do not chew their food but 
may swallow large numbers, or even large pieces of prey, 
may similarly benefit from capacious forestomachs.
 Even if the general presence of complex stomachs 
in Cetacea was considered an example of phylogenetic 
inertia, this would not necessarily rule out new adaptive 
functional relevance of these structures. Even though 
some authors consider functional interpretations a vain 
effort (e.g., mead, 2007), the adaptive value of complex 
stomachs in Cetacea has traditionally focussed, apart 
from the mentioned emphasis on fermentative microbi-
al digestion of krill, either on the function of storage or 
trituration. morimoto et al. (1921) delivered a detailed 
discussion why convincing evidence for a trituration 
or ‘gizzard’ function is lacking. These authors already 
mention another macroanatomical observation on the 
stomach of the beaked whales that appears difficult to 
reconcile with a mere concept of phylogenetic inertia. 
In this group, a series of compartments in the so-called 
‘connecting stomach’ have evolved that vary in number, 
up to 10 in Mesoplodon bidens and M. europaeus (mead, 
2007). While these structures are still not described in a 
conclusive or satisfactory manner (lanGer, 2017), they 
represent new morphological features without equiva-
lent in non-Cetacea. Other potential functions of ceta-
cean stomachs, apart from the evident food storage and 
the debated trituration and microbial fermentation, may 
be related to feeding during deep dives under extreme 
pressure. For example, Mesoplodon densirostris – with 
only 3 – 5 connecting chambers (mead, 2007) – habitu-
ally does not dive as deep as Ziphius cavirostris (Baird 
et al., 2006; tyack et al., 2006) with its 8 – 9 connecting 
chambers (mead, 2007), and diving depths for Berardius 
bairdii with its 7 – 10 connecting chambers (mead, 2007) 
were also spectacularly deep (minamikawa et al., 2007). 
Whether this is a spurious finding or describes a relevant 
pattern, and what adaptations are required for feeding 
and stomach storage and digestion under high pressure, 
remains to be explored.
Myomorpha: enigmatic stomach complexity
The adaptive value of the complex stomachs of Myomor-
pha cannot be explained by phylogenetic inertia. It ap-
pears unlikely that Myomorpha forestomachs serve for 
the digestion of plant fibre as suggested by VorontsoV 
(1967/1969), because microbial fibre digestion rather oc-
curs in the caecum of Myomorph rodents (sakaGucHi et 
al., 1981). carleton (1973) elaborated two additional 
hypotheses. The first suggests that a nonglandular stom-
ach compartment might serve for additional trituration of 
the food bolus (comparable to the hypothesis mentioned 
above in Cetacea); however, given the high chewing ef-
ficiency of myomorph rodents (lee, 1993; Fritz et al., 
2009a), a relevance of such additional trituration might 
be questionable. The second hypothesis suggests that an 
aglandular stomach compartment might allow a more 
thorough digestion of the food by salivary enzymes, in 
particular amylase (carleton, 1973). Another aspect 
is the storing function of an extended gastric volume – 
although, as mentioned above for the Cetacea, simple 
stomachs can easily accommodate large volumes of food 
by simple expansion, so that the evolution of a forestom-
ach does not appear as a stringent necessity for an in-
creased intake capacity. A more recent set of hypotheses 
is linked to putatively protective microbial effects. For 
example, forestomach microbiota might neutralize spe-
cific dietary toxins (koHl & dearinG, 2012; koHl et al., 
2014b). Compared to herbivorous foregut fermenters, 
myomorph forestomachs harbour a different microbiome 
with more lactobacilli (koHl et al., 2014a; sHinoHara et 
al., 2016). Because these might have antifungal prop-
erties, sHinoHara et al. (2016) hypothesized that com-
plex stomachs in Myomorpha could be an adaptation to 
granivory and scatter hoarding, as seeds are susceptible 
to mould (Janzen, 1976). These hypotheses await com-
prehensive comparative evaluation.
Relations between stomach and large 
intestine
The typical classification of herbivores into foregut or 
hindgut fermenters (Janis, 1976; Van soest, 1996; ste-
Vens & Hume, 1998), together with the observation that 
many eutherian groups have an emphasis on either one 
of these fermentation sites, leads to the intuition that 
stomach and large intestine complexity should be cor-
related negatively. However, this expectation was only 
met in conventional statistics (Table 6), whereas statis-
tics including phylogeny indicated that within lineages 
or among closely related lineages, increases in stomach 
complexity are rather positively than negatively linked 
to increases in large intestine complexity, regardless of 
whether all species with a combination of non-complex 
stomachs and non-complex large intestines were exclud-
ed or not. Only if the dataset is artificially constrained 
to the “Ungulata” – Perissodactyla + Artiodactyla – did 
we find the expected relationship. These results caution 
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against transferring observations from a phylogenetically 
limited dataset, intuitive as they may appear.
Conclusion and outlook
With respect to macroscopic anatomy, the capacity of 
the GI tract (cHiVers & Hladik, 1980; lanGer & sniPes, 
1991) may be a more relevant proxy for GI tract func-
tionality than a scoring of complexity. However, such 
measures are inherently more difficult to determine than 
complexity indices that reflect (dimensionless) shape, 
and they require simultaneous documentation of the body 
mass of the respective specimens. Until such data on ca-
pacities are widely available, the present study represents 
a comprehensive test of macroanatomical patterns of the 
GI tract of most eutherian taxa.
 Our scores of complexity yield different results for 
the stomach and the large intestine. Complex large intes-
tines can be linked to high-fibre diets, and while this is 
not necessarily true the other way round, they therefore 
represent an example of convergent evolution. Corre-
spondingly, there are only relatively few morphological 
changes that produce diversity in the large intestinal mor-
phology, in particular, the taeniae, haustra and semilunar 
folds that facilitate a volume increase of, and influence 
digesta transit through, the large intestine (lanGer, 1991; 
lanGer & takács, 2004), which are shared by a large 
number of different taxa. By contrast, stomach morphol-
ogy displays an intriguing, apparently unsystematic ar-
ray of arrangements and shapes (lanGer, 1988; lanGer, 
2017). As homoplasies, these structures characterize 
phylogenetic lineages, to the extent of being diagnostic 
indicators of the respective phylogenetic groups.
Acknowledgements 
We thank Sandra Heldstab for producing the dendrograms, and 
Ingmar Werneburg and Robert Asher for comments on a previous 
version of the manuscript.
Authors’ contributions 
PL performed the data collection over years, and initiated the 
study. MC analysed the data. Both authors drafted the manuscript 
to gether.
References
alexander, r. m. (1993). The relative merits of foregut and hind-
gut fermentation. Journal of Zoology, 231, 391 – 401.
andrews, P., lord, J. m. & eVans, e. m. n. (1979). Patterns of 
ecological diversity in fossil and modern mammalian faunas. 
Biological Journal of the Linnaean Society, 11, 177 – 205.
asHer, r. J. & HelGen, k. m. (2010). Nomenclature and placental 
mammal phylogeny. BMC Evolutionary Biology, 10, 102.
Baird, r. w., weBster, d. l., mcsweeney, d. J., liGon, a. d., scHorr, 
G. s. & Barlow, J. (2006). Diving behaviour of Cuvier’s 
(Ziphius cavirostris) and Blainville’s (Mesoplodon den si ro stris) 
beaked whales in Hawai‘i. Canadian Journal of Zoo logy, 84, 
1120 – 1128.
BeHmann, H. (1973). Vergleichend- und funktionell-anatomische 
Untersuchungen am Caecum und Colon myomorpher Nage-
tiere. Zeitschrift für wissenschaftliche Zoologie, 186, 173 – 294.
Büker, m. (2009). Literaturübersicht zur Ernährung, Verdauungs-
anatomie und -physiologie von Meeressäugern (Literature re-
view on nutrition, digestive anatomy and physiology of marine 
mammals). Dissertation, University of Zurich, Zurich, Swit-
zerland.
carBone, c., codron, d., scoField, c., clauss, m. & BielBy, J. 
(2014). Geometric factors influencing the diet of vertebrate 
predators in marine and terrestrial environments. Ecology Let­
ters, 17, 1553 – 1559.
carleton, m. d. (1973). A survey of gross stomach morphology in 
New World Cricetinae (Rodentia, Muroidea), with comments 
on functional interpretations. Miscellaneous Publications of the 
Museum of Zoology, University of Michigan, 146, 1 – 43.
cHiVers, d. J. & Hladik, c. m. (1980). Morphology of the gastro-
intestinal tract in primates: comparisons with other mammals 
in relation to diet. Journal of Morphology, 166, 337 – 386.
clauss, m., dittmann, m.t., müller, d.H.w., zerBe, P. & co-
dron, d. (2014). Low scaling of a life history variable: analys-
ing eutherian gestation periods with and without phylogeny-
informed statistics. Mammalian Biology, 79, 9 – 16.
clauss, m., nurutdinoVa, i., meloro, c., GunGa, H.-c., JianG, d., 
koller, J., Herkner, B., sander, P. m. & HellwicH, o. (2017). 
Reconstruction of body cavity volume in terrestrial tetrapods. 
Journal of Anatomy, 230, 325 – 336.
clauss, m., steuer, P., müller, d. w. H., codron, d. & Hummel, 
J. (2013). Herbivory and body size: allometries of diet quality 
and gastrointestinal physiology, and implications for herbivore 
ecology and dinosaur gigantism. PLoS One, 8, e68714.
dittmann, m. t., Hummel, J., Hammer, s., ariF, a., HeBel, c., mül-
ler, d. w. H., Fritz, J., steuer, P., scHwarm, a., kreuzer, m. 
& clauss, m. (2015). Digesta retention in gazelles in compari-
son to other ruminants: Evidence for taxon-specific rumen fluid 
throughput to adjust digesta washing to the natural diet. Com­
parative Biochemistry and Physiology A, 185, 58 – 68.
dudley, J. P., HanG’omBe, m. B., leendertz, F. H., dorward, l. J., 
de castro, J., suBalusky, a. l. & clauss, m. (2016). Carni-
vory in the common hippopotamus Hippopotamus amphibius: 
implications for the ecology and epidemiology of anthrax in 
African landscapes. Mammal Review, 46, 191 – 203.
eisenBerG, J. F. (1981). The Mammalian Radiations: an Analysis of 
Trends in Evolution, Adaptation, and Behavior. Chicago, IL, 
University of Chicago Press.
erwin, d. H. (2006). Evolutionary contingency. Current Biology, 
16, R825 – R826.
esselstyn, J. a., oliVeros, c. H., swanson, m. t. & FairclotH, B. 
c. (2017). Investigating difficult nodes in the placental mam-
mal tree with expanded taxon sampling and thousands of ul-
traconserved elements. Genome Biology and Evolution, 9, 
2308 – 2321.
251
VERTEBRATE ZOOLOGY  —  68 (3) 2018
FenG, P., zHenG, J., rossiter, s. J., wanG, d. & zHao, H. (2014). 
Massive losses of taste receptor genes in toothed and baleen 
whales. Genome Biology and Evolution, 6, 1254 – 1265.
Flower, w. H. (1872). Lectures on the comparative anatomy of the 
organs of digestion of the mammalia. London, Medical Times 
and Gazette.
Freckleton, r. P. (2009). The seven deadly sins of comparative 
analysis. Journal of Evolutionary Biology, 22, 1367 – 1375.
Fritz, J., Hummel, J., kienzle, e., arnold, c., nunn, c. & clauss, 
m. (2009a). Comparative chewing efficiency in mammalian 
herbivores. Oikos, 118, 1623 – 1632.
Fritz, s. a., Bininda-emonds, o. r. & PurVis, a. (2009b). Geogra-
phical variation in predictors of mammalian extinction risk: big 
is bad, but only in the tropics. Ecology Letters, 12, 538 – 549.
Gatesy, J., Geisler, J. H., cHanG, J., Buell, c., Berta, a., me-
reditH, r. w., sPrinGer, m. s. & mcGowen, m. r. (2013). A 
phylogenetic blueprint for a modern whale. Molecular Phylo­
genetics and Evolution, 66, 479 – 506.
GinGericH, P. d. (2015). Evolution of whales from land to sea, pp. 
239 – 256 in: dial, K.P., sHuBin, N. & Brainerd, E.L. (eds) 
Great Transformations in Vertebrate Evolution. Chicago, IL, 
University of Chicago Press.
GorGas, m. (1967). Vergleichend-anatomische Untersuchungen am 
Magen-Darm-Kanal der Sciuromorpha, Hystricomorpha und 
Caviomorpha (Rodentia). Zeitschrift für wissenschaftliche Zoo­
logie, 175, 237 – 404.
HerwiG, r. P., staley, J. t., nerini, m. k. & BraHam, H. w. (1984). 
Baleen whales: preliminary evidence for forestomach micro-
bial fermentation. Applied and Environmental Microbiology, 
47, 421 – 423.
Hiiemae, k. m. (2000). Feeding in mammals, pp. 399 – 426 in: 
scHwenk, K. (ed.) Feeding. Form, function, and Evolution in 
Tetrapod Vertebrates. San Diego, CA, Academic Press.
HoFmann, r. r. (1973). The ruminant stomach. Nairobi, East Afri-
can Literature Bureau.
Home, e. (1814). Lectures on comparative anatomy; in which are 
explained the preparations in the Hunterian collection. Lon-
don, W. Blumer and Co.
Janis, c. (1976). The evolutionary strategy of the Equidae and the 
origins of rumen and caecal digestion. Evolution, 30, 757 – 774.
Janzen, d. H. (1976). Why fruits rot, seeds mold and meat spoils. 
American Naturalist, 111, 691 – 713.
JunGklaus, F. (1897). Die Magen der Cetaceen. Dissertation, Jena, 
University of Jena.
kisHida, t., tHewissen, J.G.m., Hayakawa, t., imai, H. & aGata, k. 
(2015). Aquatic adaptation and the evolution of smell and taste 
in whales. Zoological Letters, 1, 9.
koHl, k. d. & dearinG, m. d. (2012). Experience matters: prior 
exposure to plant toxins enhances diversity of gut microbes in 
herbivores. Ecology Letters, 15, 1008 – 1015.
koHl, k. d., miller, a. w., marVin, J. e., mackie, r. & dearinG, 
m. d. (2014a). Herbivorous rodents (Neotoma spp.) harbour 
abundant and active foregut microbiota. Environmental Micro­
biology, 16, 2869 – 2878.
koHl, k. d., weiss, r. B., cox, J., dale, c. & dearinG, m. d. 
(2014b). Gut microbes of mammalian herbivores facilitate in-
take of plant toxins. Ecology Letters, 17, 1238 – 1246.
lanGer, P. (1973). Vergleichend-anatomische Untersuchungen am 
Magen der Artiodactyla. Gegenbaurs Morphologisches Jahr­
buch, 119, 514 – 561, 633 – 695.
lanGer, P. (1975). Macroscopic anatomy of the stomach of the 
Hip popotamidae. Zentralblatt für Veterinärmedizin C, 4, 334 – 
359.
lanGer, P. (1976). Functional anatomy of the stomach of Hippo­
potamus amphibius. South African Journal of Science, 72, 12 – 
16.
lanGer, P. (1988). The Mammalian Herbivore Stomach. Stuttgart/
New York, Gustav Fischer Verlag.
lanGer, P. (1991). Evolution of the digestive tract in mammals. 
Verhandlungen der Deutschen Zoologischen Gesellschaft, 84, 
169 – 193.
lanGer, P. (1996). Comparative anatomy of the stomach of the 
Cetacea. Ontogenetic changes involving gastric proportions – 
mesenteries – arteries. Mammalian Biology, 61, 140 – 154.
lanGer, P. (2001). Evidence from the digestive tract on phylo-
genetic relationships in ungulates and whales. Journal of 
Zoological, Systematical and Evolutionary Research, 39, 77 – 
90.
lanGer, P. (2003). Lactation, weaning period, food quality, and di-
gestive tract differentiations in eutheria. Evolution, 57, 1196 – 
1215.
lanGer, P. (2017). Comparative Anatomy of the Gastrointestinal 
Tract in Eutheria: Taxonomy, Biogeography and Food. Volume 
I: Afrotheria, Xenarthra and Euarchontoglires. Vol II: Laura­
siatheria and General Discussion. Berlin: De Gruyter.
lanGer, P. & sniPes, r. l. (1991). Adaptations of gut structure to 
function in herbivores, pp. 348 – 384 in: tsuda, T., sasakim Y. 
& kawasHima, R. (eds) Physiological Aspects of Digestion and 
Metabolism in Ruminants. San Diego, Academic Press.
lanGer, P. & takács, a. (2004). Why are taeniae, haustra, and se-
milunar folds differentiated in the gastrointestinal tract of mam-
mals, including man? Journal of Morphology, 259, 308 – 315.
lee, w. B. (1993). Tooth wear patterns in voles (Microtus agrestis 
and Clethrionomys glareolus) and efficiency of dentition in pre-
paring food for digestion. Journal of Zoology, 231, 301 – 309.
liu, J. w. (1984). On the gross anatomy of the stomach of the giant 
panda (Ailuropoda melanoleuca). Acta Zoologica Sinica, 30, 
311 – 323.
liu, z., liu, G., Hailer, F., orozco-terwenGel, P., tan, x., tian, 
J., yan, z., zHanG, B. & li, m. (2016). Dietary specialization 
drives multiple independent losses and gains in the bitter taste 
gene repertoire of Laurasiatherian Mammals. Frontiers in Zoo­
logy, 13, 28.
mårtensson, P. e., nordøy, e. s. & Blix, a. s. (1994). Digestibil-
ity of krill (Euphausia superba and Thysanoessa sp.) in minke 
whales (Balaenoptera acutorostrata) and crabeater seals (Lo­
bodon carcinophagus). British Journal of Nutrition, 72, 713 – 
716.
mcGrosky, a., naVarrete, a., isler, k., lanGer, P. & clauss, m. 
(2016). Gross intestinal morphometry and allometry in Car-
nivora. European Journal of Wildlife Research, 62, 395 – 405.
mead, J. G. (2007). Stomach anatomy and use in defining syste-
mic relationships of the Cetacean family Ziphiidae (beaked 
whales). Anatomical Record, 290, 581 – 595.
minamikawa, s., iwasaki, t. & kisHiro, t. (2007). Diving behav-
iour of a Baird’s beaked whale (Berardius bairdii) in the slope 
water region of the western North Pacific: first dive records 
using a data logger. Fisheries Oceanography, 16, 573 – 577.
mitcHell, P. c. (1905). On the intestinal tract of mammals. Trans­
actions of the Zoological Society of London, 17, 437 – 536.
Langer , P. & Clauss, M.: Morphological adaptation of the eutherian gastro intestinal tract to diet 
252
mitcHell, P. c. (1916). Further observations on the intestinal tract 
of mammals. Proceedings of the Zoological Society of London, 
86, 183 – 252.
morimoto, y., takata, m. & sudzuki, m. (1921). Untersuchungen 
über Cetacea. Tohoku Journal of Experimental Medicine, 2, 
258 – 286.
naumoVa, e. i. (1981). Functional Morphology of the Alimentary 
System in Rodentia and Lagomorpha. Moscow, Nauka (in Rus-
sian).
nikaido, m., rooney, a. P. & okada, n. (1999). Phylogenetic rela-
tionships among cetartiodactyls based on insetions of short and 
long interspersed elements: hippopotamuses are the closest ex-
tant relatives of whales. Proceedings of the National Academy 
of Science, 96, 10261 – 10266.
olsen, m. a. & matHiesen, s. d. (1996). Production rates of vola-
tile fatty acids in the minke whale (Balaenoptera acutorostra­
ta) forestomach. British Journal of Nutrition, 75, 21 – 31.
orme, d., Freckleton, r., tHomas, G., Petzoldt, t., Fritz, s. & 
isaac, n. (2010). Caper: comparative analyses of phylogene tics 
and evolution in R. R package version 0.4/r71, http://caper.r- 
forge.r-project.org/.
Pérez, w., lima, m., Büker, m. & clauss, m. (2017). Gross anat-
omy of the stomach and intestine of an Antarctic minke whale 
(Balaenoptera bonaerensis). Mammalia, 81, 111 – 113.
Pineda-munoz, s. & alroy, J. (2014). Dietary characterization of 
terrestrial mammals. Proceedings of the Royal Society B, 281, 
20141173.
PinHeiro, J., Bates, d., deBroy, s., sarkar, d. & r deVeloPment 
core team (2011). nlme: linear and nonlinear mixed effects 
models. R package version 3.1–102. https://cran.r-project.org/
web/packages/nlme/.
Price, s. a. & HoPkins, s. s. B. (2015). The macroevolutionary re-
lationship between diet and body mass across mammals. Bio-
logical Journal of the Linnean Society, 115, 173 – 184.
reVell, l. J. (2010). Phylogenetic signal and linear regression on 
species data. Methods in Ecology and Evolution, 1, 319 – 329.
sakaGucHi, e., itoH, J., sHinoHara, H. & matsumoto, t. (1981). 
Effects of removal of the forestomach and caecum on the uti-
lization of dietary urea in golden hamsters ( Mesocricetus au­
ratus) given two different diets. British Journal of Nutrition, 
46, 503 – 512.
sHinoHara, a., ucHida, e., sHicHiJo, H., sakamoto, s. H., morita, 
t. & kosHimoto, c. (2016). Microbial diversity in forestom-
ach and caecum contents of the greater long-tailed hamster 
Tscherskia triton (Rodentia: Cricetidae). Mammalian Biology, 
81, 46 – 52.
steVens, c. e. & Hume, i. d. (1995). Comparative Physiology of 
the Vertebrate Digestive System. New York, Cambridge Uni-
versity Press.
steVens, c. e. & Hume, i. d. (1998). Contributions of microbes in 
vertebrate gastrointestinal tract to production and conservation 
of nutrients. Physiological Reviews, 78, 393 – 427.
tarVer, J. e., dos reis, m., miraraB, s., moran, r. J., Parker, s., 
o’reilly, J. e., kinG, B. l., o’connell, m. J., asHer, r. J., 
warnow, t. & Peterson, k. J. (2016). The interrelationships 
of placental mammals and the limits of phylogenetic inference. 
Genome Biology and Evolution, 8, 330 – 344.
tHewissen, J. G. m., sensor, J. d., clementz, m. t. & BaJPai, s. 
(2011). Evolution of dental wear and diet during the origin of 
whales. Paleobiology, 37, 655 – 669.
tyack, P. l., JoHnson, m., soto, n. a., sturlese, a. & madsen, 
P. t. (2006). Extreme diving of beaked whales. Journal of Ex­
perimental Biology, 209, 4238 – 4253.
Van soest, P. J. (1996). Allometry and ecology of feeding behavior 
and digestive capacity in herbivores: a review. Zoo Biology, 
15, 455 – 479.
VorontsoV, n. n. (1967/1969). Evolution of the Alimentary System 
in Rodents. Novosibirsk, Nauka (English translation by Indian 
Scientific Documentation Centre, New Delhi).
wanG, z., xu, s., du, k., HuanG, F., cHen, z., zHou, k., ren, 
w. & yanG, G. (2016). Evolution of digestive enzymes and 
RNASE1 provides insights into dietary switch of cetaceans. 
Molecular Biology and Evolution, 33, 3144 – 3157.
wilson, d. e. & reeder, d. m. (2005). Mammal species of the 
world: a taxonomic and geographic reference. 3rd edn. Balti-
more, John Hopkins University Press.
